The shell of the Japanese pearl oyster, Pinctada fucata, consists of two layers, the prismatic layer on the outside and the nacreous layer on the inside, both of which comprise calcium carbonate and organic matrices. Previous studies indicate that the nacreous organic matrix of the central layer of the framework surrounding the aragonite tablet is -chitin, but it remains unknown whether organic matrices in the prismatic layer contain chitin or not. In the present study, we identified chitin in the prismatic layer of the Japanese pearl oyster, Pinctada fucata, with a combination of Calcofluor White staining with IR and NMR spectral analyses. Furthermore, we cloned a cDNA encoding chitin synthase (PfCHS1) that produces chitin, contributing to the formation of the framework for calcification in the shell.
The mollusc shell is a hard tissue consisting of calcium carbonate and organic matrices. The organic matrices are believed to play important roles in shell formation. The shell of the Japanese pearl oyster, Pinctada fucata, consists of two mineralized layers, nacreous and prismatic. Both layers comprise calcium carbonate and organic matrices. In the process of shell formation, the periostracum, which is not mineralized and covers the external surface of the shell, is formed first, and subsequently the prismatic layer is formed on the periostracum. Finally, the nacreous layer is formed on the prismatic layer.
1) The shell makes contact with the mantle that supplies the two layers with inorganic ions and organic matrices through the extrapallial fluid.
Previous studies of the nacreous layer of mollusc shells showed that the major components of organic matrices are chitin and proteins such as Asp-rich calcium-binding proteins, 2, 3) nacrein, 4) MSI60, 5) and N16. 6) On the other hand, in the prismatic layer, Prismalin-14, 7) MSI31, 5) shematrin, 8) and Aspein 9) were identified, but chitin has not yet been identified.
Various biominerals such as the exoskeletons of crustaceans and the nacreous layer of seashells are thought to contain chitin. 10) In the nacreous layer of mollusk shells, chitin serves as the major component of the organic framework, building up the compartment structure and controlling the morphology of calcium carbonate crystals. 11) In spite of the importance of chitin in biomineralization, not much attention has been paid to chitin itself, perhaps because of its property as a structural polysaccharide.
Chitin is a crystalline polymer of -1,4 linked Nacetyl-D-glucosamine. 12) It is distributed widely in nature, mainly in the exoskeletons of insects and crustaceans and the cell walls of fungi. It is synthesized by chitin synthase, a kind of glycosyltransferase found in fungi, 13, 14) nematodes, 15) and arthropods. 16) There must be a mechanism to transport newly synthesized chitin polymer from the cell, the presumptive location of the catalytic domain of the enzyme, to the extracellular environment, 17) but chitin fibril formation is an extremely complex and poorly understood process.
Chitin synthase as so far characterized comprises three domains, A, B, and C. The A domain has many transmembrane segments. The B domain is a catalytic domain containing the QRRRW catalytic site. The C domain has many transmembrane segments and coiledcoil structures.
17) The deduced amino acid sequences are variable in length, which is primarily due to differences at the N-or C-terminal end of the proteins. Despite considerable length variability, these chitin synthases show low but significant amino acid sequence homologies, located mainly in the B domain. 13) Though chitin synthases have been identified in a variety of organisms, there have been few studies of mollusk chitin synthase. Only two chitin synthases, from Atrina rigida and Mytilus galloprovincialis have been reported. 18) In this study, we identified the existence of y To whom correspondence should be addressed. Fax: +81-3-5841-8022; E-mail: anagahi@mail.ecc.u-tokyo.ac.jp Abbreviation: CHS, chitin synthase chitin in the prismatic layer of the Japanese pearl oyster, Pinctada fucata, and cloned a cDNA for chitin synthase (PfCHS1).
Materials and Methods
Animals and collection of shells. The Japanese pearl oyster P. fucata was cultured by Tasaki Shinju Co., Ltd., at Omura Bay in Nagasaki Prefecture, Japan, and only the shells were sent to our laboratory in Tokyo. They were stored at room temperature for protein analyses. RNA samples for cDNA cloning were prepared from live Japanese pearl oysters, which were supplied by the Fisheries Research Division, Mie Prefectural Science and Technology Promotion Center, Mie, Japan.
Fluorescent staining and fluorescence microscopic observation. Pearl oyster shells were decalcified in 1 M acetic acid at 4 C for 1 week, and the acid-insoluble material originating from the prismatic layer was collected. This insoluble material was washed with distilled water and stained on a slide glass for 5 min with 0.1% Calcofluor White M2R (Fluostain I) (Sigma-Aldrich, St. Louis, MO). The excess dye was poured off, and the stained sample was washed with distilled water. The staining was observed under a confocal laser microscope FV500 (Olympus, Tokyo). For observation of the Calcofluor White staining, filters for excitation at 492 nm and emission at 520 nm were used.
IR spectral analysis. The acid-insoluble material from the prismatic layer and authentic chitin (Wako, Tokyo) were separately treated in 1 M NaOH at 90 C for 5 h, and the resulting insoluble organic materials were washed with distilled water. Alkali-insoluble materials were freeze-dried. IR spectra of these samples were measured on an FT-IR (FT-720, Horiba, Kyoto, Japan).
NMR spectral analysis. Alkali-insoluble organic matrices from the prismatic layer and alkali-treated chitin prepared by the same procedure as that for IR spectral analysis were hydrolyzed in 4 M HCl at 105 C for 4 h. The hydrolyzate was concentrated in vacuo and lyophilized to remove HCl.
1 H NMR spectra of the two lyophized hydrolyzate and authentic D-glucosamine hydrochloride were measured at 500 MHz in D 2 O (Merck, Darmstadt, Germany) on a JEOL JNM-A500 FT-NMR system (JEOL, Tokyo).
RT (reverse transcription)-PCR. The sequences and positions of the primers used in this experiment are shown in Fig. 1 and Table 1 . Total RNA was prepared from the mantle using Isogen (Nippongene, Tokyo) according to the manufacturer's instructions. First-strand cDNA was synthesized with 1 mg of total RNA using a SMARTÔ RACE cDNA Amplification kit (ClonTech, Palo Alto, CA) according to the manufacturer's instructions. For RT-PCR, four degenerate oligonucleotide primers, CS-F, CS-R, CS-NF, and CS-NR, were designed based on the amino acid sequences of insect chitin synthases. A cDNA fragment of PfCHS1 was amplified by two rounds of PCR. In the first round of PCR, the first-strand cDNA was used as a template, and the amplification was primed by a set of primers, CS-F/ CS-R. In the second PCR, the first PCR product was used as a template, and amplification was primed by a set of nested primers, CS-NF/CS-NR. The following program was used for PCR amplification: 30 cycles of 30 s at 94 C (3 min 30 s for the first cycle only), 30 s at 55 C, and 1 min at 72 C (3 min for the last cycle only).
5 0 -and 3 0 -RACE (rapid amplification of cDNA ends). The sequences and position of the primers used in this experiment are shown in Fig. 1 and Table 1 . Two specific primers, CS-5R and CS-5RN, were prepared based on the nucleotide sequence of the PfCHS1 cDNA fragment amplified by RT-PCR. A cDNA fragment encoding the 5 0 -region of PfCHS1 was amplified by two rounds of PCR. In the first round of PCR, first-strand cDNA was used as a template, and the amplification was primed by a set of primers, UPM (universal primer mix)/CS-5R. In the second round of PCR, the first PCR product was used as a template, and the amplification was primed by a set of primers, NUP (nested universal primer)/CS-5RN. But, because the 5 0 -RACE adaptor binds to various places in PfCHS1 mRNA, we obtained various reverse transcript products different lengths. Hence we used four more primers (CS-5R2, CS-5RN2, CS-5R3, CS-5RN3) to amplify the 5 0 -RACE sequence. The following program was used for PCR amplification: 5 cycles of 5 s at 94 C and 3 min at 72 C; 5 cycles of 5 s at 94 C, 10 s at 70 C, and 3 min at 72 C; and 25 cycles of 5 s at 94 C, 10 s at 68 C, and 3 min at 72 C. Two specific primers, CS-3R and CS-3RN, were prepared based on the nucleotide sequence of the PfCHS1 cDNA fragment amplified by RT-PCR. A cDNA fragment encoding the 3 0 -region of PfCHS1 was amplified by two rounds of PCR. In the first round a first-strand cDNA was used as a template, and the amplification was primed by a set of primers, CS-3R/ RTG. In the second round of PCR, the first PCR product was used as a template, and the amplification was primed by a set of primers, CS-3RN/RTG-N. Since 3 0 -RACE adaptor binds to the adenine-rich region (lysinerich site) in the PfCHS1 mRNA, we obtained various reverse transcription products of different lengths. Hence we used four more primers (CS-3R2, CS-3RN2, CS-3R3, CS-3RN3) to amplify the 3 0 -RACE sequence. The following program was used for PCR amplification: 30 cycles of 30 s at 94 C (3 min 30 s for the first cycle only), 30 s at 55 C, and 1 min at 72 C (3 min for the last cycle only).
Confirmation of the nucleotide sequence of PfCHS1 cDNA. The nucleotide sequence of the PfCHS1 cDNA obtained by RACE over the coding region was con-firmed by PCR amplification using specific primers CScDNA5/CS-cDNA3. The sequences and positions of the primers are shown in Fig. 1 and Table 1 .
Nucleotide sequence analysis. All PCR products were ligated into a pCR 2.1 vector (Invitrogen, Carlsbad, CA) using a TA Cloning kit (Invitrogen) according to the manufacturer's instructions. The two strands of the inserted DNA were sequenced on an ABI PRISM 310 Genetic Analyzer (Applied Biosystems, Foster City, CA) using a BigDye Terminator Ver. 3.1 (Applied Biosystems).
Tissue-specific expression by RT-PCR analysis. Tissue-specific gene expression analysis was performed using total RNA from the mantle edge, the dorsal mantle, gill, muscles and gonads. The first-strand cDNA of a total RNA from each tissue was synthesized as described for RT-PCR. The first strand cDNAs were used as templates and all amplification was primed with a set of primers, CS-RT5, CS-RT3. In order to ascertain the amount of total RNA from each tissue, an actin cDNA fragment was amplified with two degenerate oligonucleotide primers, actin-F, actin-R, which were designed based on the amino acid sequence of two conserved regions of vertebrate and invertebrate actins. Fig. 1 Primer Sequence 
Results and Discussion
Identification of chitin in the prismatic layer In order to identify chitin in the prismatic layer, the prismatic layer of the shell was decalcified with acetic acid, and the insoluble matrices were analyzed by the following methods: When the decalcified prismatic layer was stained with the fluorescent brightener Calcofluor White, a reagent known to bind to -1,4 linked polysaccharides, including chitin and cellulose specifically, 19) the framework of organic matrices clearly showed fluorescence (excitation, 492 nm; emission, 520 nm) (Fig. 2) .
To remove proteins exhaustively from the insoluble organic matrices, they were treated with 1 M sodium hydroxide. The IR spectrum (750-1750 cm À1 ) of the resulting insoluble material was almost identical with that of alkali-treated authentic chitin (Fig. 3) . Especially, the characteristic absorption pattern of the sample at 950-1200 cm À1 was very close to that of chitin, although each absorption peaks were a little broader than that of chitin, possibly due to minor contamination or a less uniform structure of chitin. From the spectrum, the acetylation rates of authentic chitin and organic matrices from the prismatic layer were calculated 20) to be 40 and 41% respectively. These data strongly suggest that the major component of alkali-treated insoluble organic matrices from the prismatic layer is chitin.
To gain more precise confirmation as to the identification of chitin, insoluble organic matrices pre-treated with sodium hydroxide and chitin were separately hydrolyzed in hydrochloric acid. The 1 H-NMR spectrum (3.0-4.0 ppm) (Fig. 4a) of the hydrolyzate of the insoluble material was almost identical to that of authentic chitin hydrolyzate (Fig. 4b) , and also identical to that of D-glucosamine hydrochloride (Fig. 4c) .
All three findings indicate that chitin exists in the prismatic layer as an insoluble organic matrix. Although the morphology of the framework of the prismatic layer is completely different from that of the nacreous layer, both layers of the oyster shell contain chitin. Since Prismalin-14, previously identified from the prismatic layer, has a chitin-binding ability (our unpublished results), chitin might interact with such a chitin-binding protein to form the prismatic layer of the shell.
Identification of chitin synthase of P. fucata Since no chitin synthase from mollusk had been identified, when we began to clone a chitin synthase gene from P. fucata, we designed degenerate primers from insect chitin synthases. A cDNA encoding putative chitin synthase was cloned from mantle tissue of P. fucata by RT-PCR using these primers. To identify the chitin synthase involved in the formation of the prismatic layer, we used mRNA from the outer mantle for cDNA cloning. The cloning strategy for P. fucata chitin synthase is summarized in Fig. 1 . RT-PCR was performed with P. fucata mantle cDNA as template. PCR products of an appropriate size were subcloned and sequenced. Sequence analysis of one of the PCR products revealed that it most likely encoded a chitin synthase homolog. The 5 0 -and 3 0 -end regions of the cDNA were amplified by 5 0 -and 3 0 -RACE respectively using specific primers, which were synthesized based on the nucleotide sequence obtained by RT-PCR. Finally, to confirm the whole nucleotide sequence of the cDNA, the cDNA fragment covering the open reading frame (ORF) was amplified using specific primers corresponding to the 5 0 -UTR (5 0 -untranslated region) and the 3 0 -UTR. The deduced amino acid sequences of the cDNA encoding chitin synthase of P. fucata (PfCHS1) is shown in Fig. 5 . The cDNA consisted of 7636 bp, comprising a 5 0 -UTR (238 bp), an ORF (6,828 bp), a stop codon (TAG), and a 3 0 -UTR (567 bp). The 3 0 -UTR contained a canonical poly-adenylation signal (AATAAA) and a poly (dA) tail. It was expected that the position of start codon would be 239-241 bp from the homology of ArCHS1 sequence. But, the nucleotide sequence of the putative start codon (viz., CUGAAAUGA) did not conform to the eukaryotic Kozak consensus sequence [CC(A/G)CCA- UGG]. 21) However, more recent examination of the sequences around the start codon of a large number of transcripts from a wide variety of species indicates much more liberal sequence requirements that are consistent with the putative PfCHS1 translation initiation sequence.
22)
Characterization of the PfCHS1 cDNA sequence The deduced amino acid sequence of PfCHS1 was analyzed using computer programs. The calculated molecular mass and pI of the protein by GENETYX-WIN ver. 5.1.1 were 263, 537.1 Da and 6.39 respectively. The TMHMM computer program 23) predicted 15 transmembrane segments. The PSORT program 24, 25) also predicted the topology of the protein with respect to the cell membrane (data not shown). There was no consensus view of the overall topology due to variation in the number of predicted transmembrane segments, but there was agreement that the large central domain containing no potential transmembrane segments was located intracellularly. The multiple transmembrane segments predicted for chitin synthase are consistent with the previous finding that yeast chitin synthases are integral membrane proteins. 13) These transmenbrane sequences have high similarity with insect chitin synthases and Atrina rigida chitin synthase (ArCHS1).
Four regions in PfCHS1 (amino acids 725-751, 1492-1512, 1874-1904, and 2016-2037) have strong potential for coiled-coil structure, as predicted by the coils computer program.
26) The coiled-coil structure in the catalytic domain B is found only in mollusk chitin synthases (ArCHS1 and PfCHS1), but not in those of insects, nematodes or fungi. This predicted coiled-coil sequence is an inserted sequence found only in mollusks. Thus all these structural analyses indicate that PfCHS1 is a large, complex intrinsic membrane protein.
In general, chitin synthase consists of three domains (Fig. 6) , and the N-terminal domain, an A domain, has eight transmenbrane segments. A homology search indicated that the N-terminal domain (1-758 aa) of PfCHS1 has high similarity with the myosin head domain of ScunM, unconventional myosin from scallop mantle tissue 27) and that of ArCHS1.
18) The ATP-binding site, switch I region, switch II region, relay loop, and SH1 helix 28, 29) in the myosin head domain were conserved, but there was no overall homology to two fungal chitin synthases from Emericella nidulans and Pyricularia oryzae with respect to the myosin domain. 30, 31) This myosin head domain is thought to interact with actin to work with cytoskeltal function. 32) To investigate the evolutionary relationship between PfCHS1 and known chitin synthases, a phylogenetic tree was constructed with the Clustal W program 33) with the Neighbor Joining (NJ) algorithm 34) (Fig. 7) . The phylogenetic tree strongly confirmed that the putative chitin synthase from P. fucata belongs to the chitin synthase family. The chitin synthases are phylogenetically divided into the insect group, the nematode group, and the fungal group. 35, 36) The mollusk chitin synthase group including PfCHS1 and ArCHS1 is separated from other chitin synthase groups to make an independent cluster. This position of PfCHS1 is consistent with the evolutionary position of mollusks. These data indicate that the chitin synthase of molluscan species gained the coiled-coil sequence in the catalytic B domain and the myosin head domain in the N-terminal region during the process of evolution.
The central domain, a B domain, generally has a catalytic function transferring N-acetyl-D-glucosamine to the chain of chitin. The similarity of the catalytic domain sequence in PfCHS1 was about 90% with ArCHS, 50% with insects, 40% with nematodes, and 30% with yeast (data not shown). Figure 8 shows the alignment of the catalytic domain, a B domain, of each chitin synthase. The B domain of PfCHS1 contains the QRRRW sequence, as is observed in yeast and fungal chitin synthases. The QRRRW sequence in this region is very important for enzymatic activity, 37) and is highly conserved in all chitin synthases thus far characterized. Conservation of the QRRRW sequence in PfCHS1 suggests that PfCHS1 is really the chitin synthase of P. fucata. This domain is relatively rich in aromatic The myosin head domain is represented by a slashed box. Predicted coiled-coil regions are partially shaded. Asterisks represent the position of the chitin synthase active site (QRRRW), which is used to align the diagram. The three domains in these proteins are denoted A, B, and C. PfCHS1, ArCHS1, 18) DmCS-1, 17) CeCS-1, 15) ScCHS1, 39) and EnCHS 30) are chitin synthases from Pinctada fucata, Atrina rigida, Drosophila melanogaster, Caenorhabditis elegans, Saccharomyces cerevisiae, and Emericella nidulans respectively. The NJ tree was generated by the NJ method with program ClustalW 1.81. Sequences from QxFEY to QRRRW in the catalytic domain were aligned to generate the tree. BmCHS1, 40) CaCHS1, 41) DiCHS1, 42) LcCHS1, 17) MsCHS1, 43) and TcCHS1 35) are chitin synthases from Brugia malayi, Candida albicans, Dirofilaria immitis, Lucilia cuprina, Manduca Sexta, and Tribolium castaneum respectively. amino acids (11.6%) as compared with the rest of the sequence. Stacking of aromatic amino acids with the hexose rings of sugars is a common structural unit of sugar-binding proteins. 38) This information provides additional support for the view that this central region of the sequence represents the catalytic domain of the enzyme. Analysis with the coils program revealed that the B domain contained the coiled-coil structure from 1492 aa to 1512 aa. Alignment of the B domain revealed that this region showed low similarity with insects and nematode chitin synthases. This result indicates that this coiled-coil region is a peculiar insertion sequence in mollusk species.
The C-terminal region, C domain had seven transmembrane segments and two coiled-coil formations. This domain has high similarity with insect chitin synthase. The predicted positions of transmenbrane segments and coiled-coil motifs were identical to that of insect chitin synthases.
Thus PfCHS1 has a modular architecture with four domains: the myosin head domain (1-758 aa), A domain (759-1335 aa), B domain (the catalytic domain; 1336-1688 aa), and C domain (1689-2276 aa).
Tissue-specific gene expression analysis
To examine the tissue-specific gene expression of PfCHS1, RT-PCR analysis was performed. Samples of total RNA were prepared separately from the mantle edge, the dorsal mantle, gill, muscles, and gonads of P. fucata. A transcript of approximately. 2.8 kb was clearly detected in the total RNA from the mantle edge and muscles (Fig. 9) . These data indicate that chitin synthase in the mantle edge produces chitin extruding to the extrapallial fluid, which is eventually incorporated into the framework to form the prismatic layer.
Conclusion
The present experiment identified chitin for the first The clustal W computer program was used to align the amino acid sequences of the chitin synthases. A putative inserted coiled-coil motif is boxed. QxFEY is indicated by (an asterisk). The conserved QRRRW sequence is underlined. time in the prismatic layer of P. fucata and confirmed that it contributes to the formation of the framework as well as the nacreous layer. A chitin synthase gene, pfchs1, was newly identified from P. fucata by molecular cloning. PfCHS1 had four domains, like ArCHS1, the sole previously identified chitin synthase from mollusks, and its mRNA was expressed in the mantle tissue. PfCHS1 is a transmembrane protein interacting with the cytoskeleton including actin through the N-terminal myosin head domain, and might form a complex with other molecules through the coiled-coil structure. These findings should contribute to better understanding of mollusk shell formation.
